Williams syndrome is a developmental disorder with a genetic basis, which results in an uneven cognitive profile with relatively strong language skills and severely impaired visuospatial abilities. To better understand the brain structure underlying this profile, we compared individuals with Williams syndrome with controls using multimodal neuroimaging data and new analytic methods (diffeomorphic mapping and atlas-based analysis). People with Williams syndrome had basal ganglia atrophy, while the fusiform, the medium temporal gyri, and the cerebellar cortex were relatively preserved. The right superior longitudinal fasciculus, the left frontooccipital fasciculus, the caudate, and the cingulum demonstrated increased fractional anisotropy, whereas the corticospinal tract revealed decreased values. These findings may be linked to the uneven cognitive profile evident in Williams syndrome.
Introduction
Individuals with Williams syndrome (WS) generally have mild-to-moderate retardation, but they also present a unique profile of cognitive functioning. Their profile includes hypersociability and relatively strong language, along with severe deficits in visuospatial construction ability. This imbalance in cognitive ability has been associated with an uneven pattern of brain abnormalities, with relative loss of volume in specific brain regions. For instance, there is evidence of a disproportionate reduction in the occipital and superior parietal cortices with a relative preservation of the frontal lobes [1] [2] [3] [4] . Other studies have detected increased cortical complexity [5, 6] and differences in temporoparietal gyrification [7, 8] specific to temporal and perisylvian cortical thickness [6] . White matter structure has not been examined extensively and is still poorly understood. Past diffusion tensor imaging (DTI)-based studies of WS have shown increased anisotropy in the right superior longitudinal fasciculus and a reduction of lateralization [9, 10] . However, to the best of our knowledge, there has been no previous study investigating the anatomical status of the cortex, the basal ganglia, and the white matter within one framework that includes volumetric and intensity quantification among different MRI contrasts.
We examined the gray and white matter in people with WS using conventional structural images (T1-weighted) and DTI. We utilized both structure-based (comparison of regions) and voxel-based (comparison of each voxel) whole-brain analyses. This study provides a comprehensive view of the structural brain differences in this disorder, and the method applied here has the potential to quantify anatomic-functional correlations and characterize individuals in the future.
Methods

Individuals
Eight adolescents and young adults with WS (five females, age range: 14-27 years old, mean: 18.6 ± 4.4), were tested. They were positively diagnosed by a geneticist and the fluoride in-situ hybridization test for a deletion in the WS region on chromosome 7 [11] . Their profile was consistent with the typical WS profile reported in other studies, with a mean intelligence quotient of 67 ± 12 (Kaufman Brief Intelligence Test-1), and relatively stronger performance on the verbal subtest (i.e. picture naming) than on the Matrices subtest (picture based category matching) of the Kaufman Brief Intelligence Test. They also showed the typical severe spatial impairment, as shown by performance below the fourth percentile (with one exception at the 12th percentile) on the pattern construction subtest of the Differential Abilities Scales [12] , which requires people to assemble copies of designs using individual blocks.
Typically developing controls were also tested (five females, age range: 14-22 years old, mean: 16.6 ± 3.2). The controls were matched to the individuals with WS on sex and age, within a year except for one pair of adults (WS = 27, control = 22 years old). People with WS were recruited through the WS Association, and typically developing controls were recruited through local schools or other studies. This study was approved by the Johns Hopkins University Institutional Review Board.
Images
Images were acquired using a 3 T MRI scanner (Philips Medical Systems, Best, The Netherlands) and consisted of two DTI datasets (repetition time/echo time = 6600/70 ms, echo planar image, 32 gradient directions, b = 700 s/mm 2 ), and a magnetization prepared rapid acquisition gradient echo T1-WI (repetition time/echo time = 8/3.8 ms) sequence. Field of view, matrix, number of slices, and slice thickness were 212 Â 212 mm, 96 Â 96, 60, 2.2 mm, respec-tively, for DTI; and 256 Â 200 mm, 256 Â 256, 140, 1 mm, respectively, for T1-WI. The DTI were processed using DtiStudio (Baltimore, Maryland, USA) (http://www.MRI Studio.org) and the subsequent imaging process ( Fig. 1 ) was performed using DiffeoMap (Baltimore, Maryland, USA) and ROIEditor (Baltimore, Maryland, USA) (http:// www.MriStudio.org).
One of the most commonly used approaches in imaging analysis is the voxel-based analysis, in which subject images are transformed (or mapped) to a common brain image (the atlas), and the differences are compared point by point, that is, voxel by voxel. One issue is that there 
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Schematic diagram of the image normalization and quantification process. The images were normalized to a single-subject atlas, extensively parcelled in three dimensions [13] . For the analysis of diffusivity and white matter regional volumes, the normalization process was based on diffusion tensor imaging contrasts [fractional anisotropy (FA) and b0 images, red labels], whereas for the gray matter volumetric analysis, the normalization process was based on T1-WIs (blue labels). For the 'forward' transformation, the subject images were normalized to the template first linearly, then by a highly accurate elastic algorithm (LDDMM). After this procedure, all brains have a shape similar to that of the atlas, and it is possible to compare patients and controls voxel by voxel [voxel-based analysis (VBA)]. For the 'backward' transformation, the parcellation map defined in the atlas is reverse-transformed to the original MRI. This enabled the three-dimensional automated segmentation of the original images and the structureby-structure analysis [atlas-based analysis (ABA)].
are many voxels to be analyzed (more than 1 million), which leads to high noise and low statistical power. In this study, we combined voxel-based analysis with an automated image parcellation (atlas-based analysis), which allowed studying the brain in a structure-by-structure basis. This was possible by using the large deformation diffeomorphic metric mapping [14] as the normalization algorithm. The large deformation diffeomorphic metric mapping has a high accuracy on matching the shapes of different brains, which is not usually achieved with other frequently used normalization methods. By this approach, each individual brain was automatically divided into 211 anatomically defined regions, and the image parameters were analyzed both voxel by voxel and structure by structure ( Fig. 1 ).
The differences between individuals with WS and controls were assessed using the nonparametric Mann-Whitney test, at a P-value threshold of 0.05, corrected for multiple comparisons by the false discovery rate. Two types of volumetric analysis were performed: in the native space, and normalized by the brain volume. Normalizing the regional volumes by the total brain volume minimizes the effect of the global atrophy, allowing the identification of areas disproportionately reduced or relatively preserved (those that remain smaller or those that are detected as bigger, respectively, when all the brains are normalized to the same volume).
Manual measurements for accuracy assessment
The accuracy of the normalization and the automated parcellation was demonstrated in our previous publications for normal and populations with different types of pathology [15] [16] [17] [18] . In the current study, the caudate volume and the caudate and the corticospinal tract fractional anisotropy were found to be abnormal in people with WS. As these results were unexpected, we validated them by asking two raters, blinded to diagnosis and previous findings, to manually delineate the caudate and to reconstruct the corticospinal tract by tractography [19] . We then compared these results with those derived from the automated parcellation.
Results
Global volumetric analysis
The total white matter volume was 15% smaller in WS than in controls (WS: 542.32 ± 42.68 cm 3 ; controls: 632.96 ± 17.92 cm 3 ; P < 0.001), which was greater than the total brain volume reduction of 11% (WS: 1135.23 ± 106.97 cm 3 ; controls: 1267.16 ± 54.95 cm 3 ; P = 0.01). Note that the total white matter and gray matter volumes were calculated from the statistical parametric mapping 8 (SPM8) intensity-based segmentation maps; therefore, some regions of the basal ganglia, particularly the thalamus, were included in the white matter compartment, which might have contributed to the greater proportion of white matter reduction, rather than gray matter, that we detected.
Regional volumetric analysis
The voxel-based analysis detected small areas of atrophy in the basal ganglia, particularly in the caudate (Fig. 2a) . The atlas-based analysis detected the same (Fig. 2b) , but in a more extensive and symmetric pattern. The left parahippocampal gyrus was the only region that was larger in individuals with WS than in controls. In the white matter, using atlas-based analysis, we detected significant atrophy in the projection fibers (the cerebral peduncles, the posterior limb of the internal capsules, the external capsules, the anterior commissures) and commissural fibers (the corpus callosum, the left tapetum, and the right fornix/stria terminallis), which was again highly symmetric ( Fig. 2c ).
Analysis of 'relative' volumes (regional volumes normalized by the total brain volume)
The atlas-based analysis (Fig. 2d ) indicated that the gray matter of the cerebellum, the left fusiform, the parahippocampus, the medium temporal gyrus, and the right amygdala were relatively preserved in people with WS compared with controls, whereas the volume of the caudate and left globus pallidum were significantly smaller, even after the global volume reduction was considered. In addition, the anterior commissure volume was smaller in WS. Figure 3 summarizes the significant results. The voxel-based analysis did not show significant differences between groups.
Validation of the automated parcellation by manual delineation of structures
The volume of the caudate, as measured by manual delineation, was also significantly smaller (P < 0.05) in WS than in controls, in both native and volume-normalized spaces. The indices of agreement between automated and manual delineations were k = 0.79, Jaccardi = 0.67, dice = 0.8, specificity = 0.99, and sensitivity = 0.84, indicating the accuracy of the automated parcellation.
Analysis of diffusivity
The atlas-based analysis (Fig. 4) showed significantly higher fractional anisotropy on the right superior longitudinal fasciculus, the left superior frontooccipital fasciculus, the cingulum, and the caudate in WS, whereas the fractional anisotropy of the projection tracts (corticospinal tract, the cerebral peduncles, and the posterior limb of the internal capsule) was significantly lower. The fractional anisotropy of the caudate, as manually delineated, and of corticospinal tract, as defined by tractography, was also significantly lower in WS (P < 0.05), confirming the automated measurements. The right cerebral peduncle and the left corticospinal tract showed increased radial diffusivity (an index of axonal integrity and myelination status), which was decreased in the left cingulum and in the right anterior limb of the internal capsule. Axial diffusivity (related to axonal status and brain architectural organization) was significantly reduced
Quantitative MRI in Williams syndrome Faria et al. 285 in the left external capsule and in the right amygdala. The voxel-based analysis did not show significant differences between groups in terms of diffusivity indices.
Discussion
Volumetric findings
The majority of the findings in our study confirm previous reports, attesting to the accuracy of our approach for measuring MRI contrasts in multiple brain regions in a single framework. In terms of volume, the areas most affected were the basal ganglia, the projection, and the commissural tracts, all of which were significantly decreased in people with WS compared with controls ( Fig. 2) . When the regional volumes were corrected for differences in the brain volume, we found relative preservation of the left fusiform gyrus, the parahippocampal gyrus, and the medial temporal gyrus, as well as the right amygdala and the gray matter of the cerebellum. Previous voxel-based morphometry studies had already shown a disproportionate reduction of commissural tracts, and preservation of these gyri [1, 7, [20] [21] [22] [23] . Particularly in the left medium temporal gyrus, the abnormality is possibly related to abnormal gyrification in the planum temporale, associated with the loss of the normal hemispheric asymmetry [8] .
The disproportionate reductions in the basal ganglia were recently reported by a few studies [1, 3] , but this result has not been emphasized previously. This is congruent with functional MRI indications of lower neural activity in WS in the bilateral striatum [24] , suggesting striatal dysfunction. It is important to point out, however, that, despite the temptation to establish direct correlations between anatomy and function, it is difficult to connect the complex pattern of sparing and abnormality in our findings to cognitive function; alterations in either Voxel-based analysis of the gray matter
Atlas-based analysis of the gray matter
Atlas-based analysis of the white matter
Atlas-based analysis of the gray matter -volumes normalized by the total brain volume
Volumetric differences between groups. Colors code the ratio of Williams syndrome/controls in areas with significant differences between groups. Using voxel-based analysis (a) we detected atrophy in a cluster of voxels in the basal ganglia. The atlas-based analysis of the gray matter (b) and the white matter (c) showed that the basal ganglia, deep white matter regions such as the internal and external capsules, and the commissural tracts such as the anterior commissure, the left tapetum, the right fornix, and the corpus callosum, were reduced in individuals with WS compared with controls. After normalization to a common brain volume, the atlas-based analysis (d) showed atrophy of the caudate and the left globus palladium in WS, and relative preservation of the gray matter of the cerebellum, the right amygdala, the left fusiform, parahippocampus, and the medial temporal gyri. L, left; R, right.
direction (thickening or thinning) may reflect deficiencies or compensatory activity.
Diffusivity findings
In terms of diffusivity, the fractional anisotropy increase in both the caudate and the cingulum was an unexpected finding. Previous studies found an increase in volume and number of fibers in the cingulum [1, 10] , but diffusivity alterations, that are thought to indicate white matter integrity, were not mentioned. However, the increased fractional anisotropy in the superior longitudinal fasciculus that we found has been recently reported [9, 10] .
Although not statistically significant, we also found a tendency toward increasing axial diffusivity in the right Differences in fractional anisotropy (FA) detected by the atlas-based analysis. Colors code the ratio of Williams syndrome (WS)/normal controls (NC) in regions with statistically significant differences. The plots contain the actual FA data (WS = red, controls = blue). The bar graphic shows that, in controls, the superior longitudinal fasciculus (SLF) has a higher FA on the left, whereas in people with WS, FA is higher on the right. The plot of FA in the right SLF and the corticospinal tract shows total segregation between WS and controls. In the right bottom corner, WS/control ratios of radial and axial diffusivity are shown for the areas that displayed significant FA differences. superior longitudinal fasciculus (Fig. 4) . In addition to the increased fractional anisotropy in the left frontooccipital fibers, this suggests the possibility of abnormal lateralization with preferential right hemisphere involvement in WS [25] . Consistent with Marenco et al. [10] , we detected decreased fractional anisotropy in the corticospinal tract. In fact, the fractional anisotropy in the superior longitudinal fasciculus, combined with the fractional anisotropy in any segment of corticospinal tract, were striking characteristics of our WS participants, and distinguished them from controls (Fig. 4 ).
Methodological notes: differences between voxel-based and atlas-based analyses
This study demonstrates that the atlas-based analysis can characterize three-dimensional volumetric and diffusivity abnormalities in WS more sensitively than the voxelbased analysis. In the atlas-based analysis, rather than comparing million of voxels, we are comparing only hundreds of structures, where each structure corresponded to a group of voxels with similar anatomic characteristics. Therefore, we are reducing the noise, increasing the statistical power, and facilitating the biological interpretation. The atlas-based analysis works as well as the manual definition of regions of interest [15, 17, 18] , with important advantages: is not timeconsuming, as it is automated, is evaluator-independent, and captures the full anatomic pattern, because it covers the whole brain. Also, the measurements acquired with atlas-based analysis derive directly from the native images of each individual, reducing the imprecision produced by the imaging postprocessing. Another advantage of this method is the possibility of transforming the subject image to the atlas or, inversely, the atlas (or the structural parcellation defined in this atlas) to the subject image ( Fig. 1) . Therefore, we can perform voxel-based and atlasbased analysis, which are complementary approaches, at the same time. It also allows characterizing each brain structure by many different features, such as volume and various intensities. This quantitative structural characterization might be ultimately related to clinical characteristics and different outcomes, potentially contributing to the understanding of a given disorder.
Limitations
The main limitation of this study is the small sample size. The brain imaging analysis typically involves multiple comparisons, and therefore the likelihood of false positive associations is high. To control for these 'type I' statistical errors, we corrected the level of significance using the false discovery rate, as mentioned in the methods. It is possible, however, that we still have false negatives, that is, that we are failing to detect regional differences between groups, particularly in cortex, where the degree of intersubject variability is higher. This could explain, for example, why we did not detect atrophy in the parietal and occipital cortex of individuals with WS, whereas other groups did [1] [2] [3] [4] (we detected this tendency, though at a nonsignificant level). In favor of the reliability of our findings, we can point that our results are mostly in agreement with previous studies; they were validated by manual delineation of structures (gold-standard), and were corrected for false positives. False negatives, if they exist, can be further evaluated by increasing the sample size.
Conclusion
Using multiple MRI modalities, we observed that individuals with WS have atrophy in the basal ganglia and white matter, while fusiform, medium temporal gyri, and the cerebellar cortex are relatively preserved. The right superior longitudinal fasciculus, the left frontooccipital fasciculus, the caudate, and the cingulum have increased fractional anisotropy (an index of white matter integrity), whereas the corticospinal tract shows decreased values.
